Relapse, a major problem in the treatment of cocaine addiction, is proposed to result in part from neuroadaptations in the hippocampus. We examined how a mediator of hippocampal neuroplasticity, adult neurogenesis in the subgranular zone (SGZ), was regulated by cocaine self-administration (CSA), and whether these changes were reversed by 4 weeks of withdrawal (CSA-WD) versus continued cocaine self-administration (CSA-CONT). Rats self-administered intravenous cocaine or saline for 3 weeks and were killed 2 h (CSA) or 4 weeks (CSA-WD, CSA-CONT) after injection with the S-phase marker bromodeoxyuridine (BrdU). Cells in several stages of adult neurogenesis were quantified: proliferating cells labeled by BrdU (2 h) or Ki-67; immature neurons labeled by doublecortin; and adultgenerated neurons labeled with BrdU (4 weeks) and the mature neuronal marker NeuN. CSA decreased proliferation in both the SGZ and the subventricular zone (SVZ), a source of adult-generated olfactory neurons, changes reversed by CSA-WD. Unexpectedly, CSA-WD and CSA-CONT resulted in more immature doublecortin-immunopositive (ϩ) neurons in the posterior SGZ and a normal number of adultgenerated BrdUϩ neurons in the SGZ, suggesting an enduring impact of CSA regardless of whether cocaine intake was stopped or continued. However, only CSA-WD rats had more adult-generated neurons with punctate BrdU staining, an indicator of enhanced maturity. These data suggest a mechanism for the cognitive and olfactory deficits seen in cocaine addicts, and further suggest that adult-generated neurons should be considered for their potential role in cocaine addiction and hippocampal-mediated relapse after cocaine withdrawal.
Introduction
Cocaine addiction takes a devastating toll on society (Chychula and Okore, 1990) . Cocaine-induced neuroadaptations are the focus of much research, as they may indicate novel treatment options for the persistent cognitive (Garavan and Hester, 2007) and olfactory deficits (Bauer and Mott, 1996; Podskarbi-Fayette et al., 2005) as well as the enormous incidence of relapse (Aharonovich et al., 2006) seen in addicts.
One neuroadaptation that may contribute to the constellation of deficits seen in cocaine addicts is altered adult neurogenesis. The adult subgranular (SGZ) and subventricular zones (SVZ) give rise to hippocampal granule and olfactory bulb neurons, respectively (Doetsch and Hen, 2005) . As detailed previously (Powrozek et al., 2004; Eisch and Harburg, 2006) , mounting evidence suggests adult neurogenesis plays a role in addiction. Briefly, experimenter-delivered intraperitoneal cocaine decreases SGZ proliferation (Yamaguchi et al., 2005; Dominguez-Escriba et al., 2006) in a dose-and time-dependent manner (Eisch, 2002) . Also, the hippocampus is implicated in cocaine addiction and relapse (Canales, 2007) , perhaps via drug-specific contextual memory formation. The link with addiction is not restricted to hippocampal neurogenesis. Modulation of SGZ and SVZ neurogenesis impacts hippocampal-based cognitive function (Kitabatake et al., 2007) and olfaction (Lledo and Saghatelyan, 2005) , respectively, similar to the deficits seen after cocaine.
Although the relationship between cocaine addiction and neurogenesis is intriguing, evaluation of its verity is hampered by major gaps in our knowledge. Experimenter-delivered cocaine decreases SGZ proliferation, but it is not known whether the more clinically relevant paradigm of cocaine self-administration influences neurogenesis. Self-administration of other abused drugs alters SGZ neurogenesis (Eisch et al., 2000; Abrous et al., 2002; Crews et al., 2004) , but cocaine deserves specific attention given its unique blockade of monoamine and indolamine transporters (Hummel and Unterwald, 2002) . It is also not known whether cocaine-induced olfactory deficits, seen regardless of route of administration (Podskarbi-Fayette et al., 2005) , are linked to cocaine-induced inhibition of SVZ neurogenesis. Neu-rogenesis is a process, not a time point (Abrous et al., 2005) , but no study has quantified cocaine's impact on several stages of neurogenesis . Finally, it is not known how cocaine withdrawal influences SGZ and SVZ neurogenesis; this is vital to identifying if and how cocaine-induced alterations in neurogenesis contribute to relapse. As new neurons in the SGZ and olfactory bulb are well positioned to influence the reward pathway (Canales, 2007; Ubeda-Banon et al., 2007) , answers to these questions may reveal if adult neurogenesis is a novel target for the treatment and perhaps prevention of addiction.
Here, we examine the effects of cocaine self-administration (CSA) on adult neurogenesis. We compare changes after 3 weeks of self-administration with changes that persist or arise after 4 weeks of either withdrawal (CSA-WD) or continued cocaine selfadministration (CSA-CONT). By analyzing stages of adult neurogenesis, such as proliferation and survival of adult-generated neurons, we reveal enduring effects of cocaine selfadministration that are only partially influenced by whether drug taking stops or continues. These data suggest adult-generated neurons should be considered for their potential role in cocaine addiction and hippocampal-mediated relapse after cocaine withdrawal.
Materials and Methods
Animals. Fifty-one male Sprague Dawley rats (300 -325 g; Charles River Laboratories, Kingston, NY) were individually housed in a climatecontrolled environment on a 12 h light/dark cycle (lights on at 7:00 A.M.). Rats were acclimated to vivarium conditions for at least 1 week before experimentation. Rats were allowed ad libitum access to water and lab chow, except during initial lever-press training as described below. All experiments were performed in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals in an Institutional Animal Care and Use Committee and Association for Assessment and Accreditation of Laboratory Animal Care approved facility at University of Texas Southwestern Medical Center.
Surgery. Rats were implanted with a chronic indwelling intravenous catheter (Sutton et al., 2003; Edwards et al., 2007b) . Briefly, rats were anesthetized with sodium pentobarbital (50 mg/kg, i.p.) and atropine sulfate (0.10 mg/rat, s.c.) before surgical implantation of the catheter in the jugular vein. After surgery, rats received a prophylactic injection of penicillin (60,000 IU/0.2 ml, intramuscular), and antibiotic ointment was applied daily to the surgical area. Catheters were flushed daily with 0.2 ml of heparinized (20 IU/ml) bacteriostatic saline containing gentamycin sulfate (0.33 mg/ml) to curb infection and preserve catheter patency.
Self-administration apparatus. Each operant test chamber used for selfadministration (Med Associates, Georgia, VT) was enclosed in a ventilated, sound-attenuating box. Boxes were equipped with a Razel (Stamford, CT) model A injection pump and a 10 ml glass syringe connected to a fluid swivel (Instech, Plymouth, PA) with Teflon tubing. Tygon tubing connected the swivel to the rat's catheter exit port and was enclosed by a metal spring secured to Teflon threads on the catheter assembly. Each operant chamber contained two response levers located 2 cm off the floor. During self-administration, a response at the active lever delivered an intravenous cocaine infusion (or for control rats, a saline infusion), whereas a response at the inactive lever had no programmed consequence. Each cocaine or saline infusion was delivered over 5 s in a 0.1 ml volume. During the 5 s infusion, a cue light above the lever was illuminated and the house light was extinguished. This cue period was followed by an additional 10 s time-out interval when the house light remained off and responding at the active lever had no programmed consequences. The illumination of the house light signaled the end of the 15 s infusion time-out interval.
Cocaine self-administration. To facilitate acquisition of cocaine selfadministration, rats were initially maintained on a restricted diet (ϳ15 g of chow per day) for 3 successive days and trained to press the active lever for 45 mg sucrose pellets until they reached acquisition criterion (100 pellets for 3 consecutive days). After food training, rats were fed ad libitum at least 1 d before surgical catheterization and allowed to recover for 1 week before the onset of testing.
Cocaine hydrochloride was generously provided by the National Institute on Drug Abuse (Baltimore, MD). Rats were allowed to acquire cocaine self-administration (0.5 mg/kg infusion, i.v.) on a fixed-ratio reinforcement schedule (e.g., one active lever press led to a single infusion followed by a 10 s time out) in 4 h daily sessions for 3 weeks (5 d/week). Reinforcements (delivery of drug or saline after active lever press) were capped at a maximum of 95 per 4 h session.
Fifty-one rats were run for self-administration (saline, n ϭ 24; cocaine, n ϭ 27). The data presented here are replicates of two experiments. In the first experiment, rats were randomly assigned to either CSA (3 weeks cocaine self-administration) (see Fig. 1 A) or CSA-WD (3 weeks cocaine self-administration plus 4 weeks of withdrawal) (see Fig. 1 B) . The breakdown by experimental group of rats run in the first experiment was as follows: CSA, saline, n ϭ 4; cocaine, n ϭ 4; and CSA-WD, saline-WD, n ϭ 3; CSA-WD, n ϭ 7. In the second experiment, rats were run in parallel and split into three complementary groups to ensure a similar average cocaine intake the last 5 d before bromodeoxyuridine (BrdU) injection: CSA, CSA-WD and CSA-CONT (continuous cocaine selfadministration for 7 weeks) (see Fig. 1C ). This allowed the CSA rats to serve as control for the initial BrdU labeling for the CSA-WD and CSA-CONT groups. The breakdown by experimental group of rats run in the second experiment was as follows: CSA, saline, n ϭ 4; cocaine, n ϭ 3; CSA-WD, saline-WD, n ϭ 9; CSA-WD, n ϭ 9; and CSA-CONT, saline-CONT, n ϭ 4; CSA-CONT, n ϭ 4. Data from the two experiments were added together after statistical verification that there was no difference between the results. For example, ANOVAs for experiment and drug found no effect of experiment for CSA BrdU SGZ cell number (F (1,11) ϭ 2.01; p Ͼ 0.05), CSA doublecortin (DCX)ϩ posterior SGZ cell number (F (1,11) ϭ 0.62; p Ͼ 0.05), CSA-WD BrdU SGZ cell number (F (1,24) ϭ 0.02; p Ͼ 0.05), and CSA-WD DCXϩ posterior SGZ cell number (F (1,24) ϭ 0.37; p Ͼ 0.05). After combining the number of rats from the first and second experiment, the final number of rats in each group assessed for this study was as follows: CSA, saline, n ϭ 8; cocaine, n ϭ 7; CSA-WD, saline-WD, n ϭ 12; CSA-WD, n ϭ 16; and CSA-CONT, saline-CONT, n ϭ 4; CSA-CONT, n ϭ 4. Note that data from the control groups could not be combined because each had a discrete experience, which may result in differences in neurogenesis (Stranahan et al., 2006) . For example, the saline, saline-WD, and saline-CONT groups started with 3 weeks of self-administration of saline, but then diverged with saline rats being killed 15 h later, and saline-WD and saline-CONT rats killed 4 weeks later. The saline-WD and saline-CONT rats, although killed at the same time, differed as saline-WD rats were left in their home cage for 4 additional weeks and saline-CONT rats allowed to self-administer saline for 4 additional weeks. Catheter patency was verified for all rats after the final self-administration session via a 0.1 ml intravenous infusion of the shortacting barbiturate sodium methohexital (10 mg/ml), which induces a rapid loss of muscle tone.
BrdU injections and tissue preparation. As shown in Figure 1 A-C, 15 h after the last self-administration session, all rats in the CSA, CSA-WD, and CSA-CONT groups received one 150 mg/kg intraperitoneal injection of the S-phase marker BrdU (Boehringer Mannheim, Mannheim, Germany). The CSA group was killed 2 h after BrdU injection to allow quantification of proliferating cells stained via BrdU immunohistochemistry (IHC) (see Fig. 1 A) . In contrast, the CSA-WD and CSA-CONT groups were killed 4 weeks after BrdU injection to allow quantification and assessment of surviving neurons stained via IHC for BrdU and the neuronal marker NeuN. The only difference between the CSA-WD and CSA-CONT groups was that after the BrdU injection and before being killed 4 weeks later, the CSA-WD rats were placed in their home cages (see Fig. 1 B) , whereas CSA-CONT rats continued self-administration of saline or cocaine (see Fig. 1C ). Rats were killed either via chloral hydrate anesthesia and intracardial perfusion with 0.1 M PBS (5 min with 10 ml/min flow rate) and 4% paraformaldehyde in 0.1 M PBS (15 min) or decapitation. Brains were removed and postfixed in 4% paraformaldehyde in 0.1 M PBS for at least 24 h at 4°C. Brains were cryoprotected in 30% sucrose in 0.1 M PBS with 0.1% NaN 3 at 4°C until coronal sectioning on a freezing microtome (Leica, Wetzlar, Germany) at 30 m through the entire hippocampus (Ϫ1.80 to Ϫ7.64 mm from bregma) (Paxinos and Watson, 1997) and sections were stored in 0.1% NaN 3 in 0.1 M PBS at 4°C until processed for IHC.
IHC. IHC was performed as described previously (Eisch et al., 2000; Mandyam et al., 2004) . Briefly, every ninth section of the hippocampus was mounted on glass slides (Superfrost/Plus; Fisher Scientific, Hampton, NH) and allowed to dry overnight. Slides were coded before IHC and code was not broken until after microscopic analysis. For BrdU IHC, three pretreatment steps were used: antigen unmasking (0.01 M citric acid, pH 6.0, 95°C, 15 min), membrane permeabilization (0.1% trypsin in 0.1 M Tris and 0.1% CaCl 2 , 10 min), and DNA denaturation (2 M HCl in 1 ϫ PBS, 30 min). For Ki-67 and DCX IHC, pretreatment was limited to antigen unmasking. After pretreatment, sections were rinsed and immediately placed into blocking (3% serum) and then into primary antibody incubation overnight at room temperature. The primary antibodies used were rat anti-BrdU (Accurate, Westbury, NY; 1:100), mouse antiBrdU (BD Biosciences, San Jose, CA; 1:100), rabbit anti-activated caspase 3 (AC-3; Cell Signaling Technology, Beverly, MA; 1:250), rabbit antiKi-67 (Vector Laboratories, Burlingame, CA; 1:500); mouse anti-NeuN (Millipore, Billerica, MA; 1:50); and goat anti-doublecortin (Santa Cruz Biotechnology, Santa Cruz, CA; 1:3500). These antibodies were used to assess cells in stages of neurogenesis, including proliferating cells, immature and mature neurons, and cells that had undergone cell death. For example, BrdU permanently labels cells in S phase at time of injection (Wojtowicz and Kee, 2006) and, thus, the BrdU antibody labels proliferating cells in the CSA group (injected 2 h before killing) and surviving cells in CSA-WD and CSA-CONT groups (injected 4 weeks before killing). Ki-67 is an endogenous cell cycle protein and, thus, the Ki-67 antibody labels proliferating cells in most phases of the cell cycle (Kee et al., 2002) . When BrdU IHC is used to label surviving cells (e.g., BrdU given 4 weeks before killing), Ki-67 IHC is often used as a reliable alternative and nontoxic measure of proliferation in the same tissue (Eisch and Mandyam, 2007) . DCX is an endogenous cytoskeletal protein, and therefore the DCX antibody labels immature neurons (Brown et al., 2003) . Finally, the NeuN antibody labels mature neurons (Mullen et al., 1992) , and the AC-3 antibody labels apoptotic cells (Olney et al., 2002) . Specificity of staining for each antibody was ensured by lack of signal after omission and/or dilution of primary antibody and by observation of expected subcellular localization and cellular populations stained for each antibody (Donovan et al., 2006; Lagace et al., 2006 Lagace et al., , 2007 Harburg et al., 2007) .
For BrdU or Ki-67 single labeling, primary incubation was followed by incubation in a biotinylated secondary (goat anti-mouse, Sigma, St. Louis, MO; or goat anti-rabbit, Vector Laboratories; 1:200), and visualization was accomplished with the avidin-biotin/diaminobenzidine method (Pierce, Rockford, IL), followed by counterstaining with Fast red (Vector Laboratories). For BrdU and NeuN double labeling, primary incubation was followed by incubation in fluorescent secondary antibody [cyanine 3 (Cy3) donkey anti-rat, and Cy5 donkey anti-mouse; Jackson ImmunoResearch, West Grove, PA; 1:200] and counterstaining with 4,6-diamidino-2-phenylindole (DAPI; Roche, Basel, Switzerland; 1:5000) or green Nissl (Invitrogen, Carlsbad, CA; 1:200). For DCX and AC-3 double labeling, primary incubation was followed by incubation in a biotinylated secondary for DCX (horse anti-goat; Vector Laboratories; 1:200), incubation with avidin-biotin and Cy2 or Cy3 tyramide signal amplification (PerkinElmer, Norton, OH), a fluorescent secondary antibody for AC-3 (Cy3 or Cy2 donkey anti-rabbit; Vector Laboratories; 1:200), and DAPI as a counterstain. Sections underwent rapid dehydration in ethanols and defatting in Citrosolv (Fisher Scientific) before coverslipping with DPX (Sigma).
Quantification of immunopositive (ϩ) cells. BrdUϩ, Ki-67ϩ, AC-3ϩ, and DCXϩ cell counts were performed at 400ϫ magnification with an Olympus (Tokyo, Japan) BX-51 microscope while continually adjusting the focal plane through the depth of the section. An observer blind to treatment group performed all cell counts.
BrdUϩ, Ki-67ϩ, and AC-3ϩ cell counts were collected using the optical fractionator method. Briefly, exhaustive counts were collected from every ninth hippocampal section throughout the anterior-posterior extent of the hippocampus (Ϫ1.80 to Ϫ7.64 mm from bregma) (Paxinos and Watson, 1997) . Resulting cell counts were multiplied by the fraction of the hippocampus examined (e.g., 9) (Eisch et al., 2000; Lagace et al., 2006) and are reported as total number of cells in the brain region examined. Four discrete regions of the dentate gyrus (DG) (see Fig. 2 A) were examined as previously described (Donovan et al., 2006) : the SGZ, the outer granule cell layer (oGCL), the molecular layer (Mol), and the hilus (see Fig. 2 A) . Immunopositive cells were also counted in the habenula to control for bioavailability of BrdU and general levels of proliferation. BrdUϩ cell densities were obtained by dividing the number of BrdUϩ SGZ and oGCL cells by the volume of the anterior GCL (Ϫ1.80 to Ϫ4.52 mm from bregma) or posterior GCL (Ϫ4.80 to Ϫ7.64 mm from bregma), with anterior-posterior demarcation as described previously (Guzman-Marin et al., 2003) .
DCXϩ cell density quantification was restricted to two discrete points from bregma that represented the anterior (Ϫ2.80 mm from bregma) and posterior (Ϫ6.60 mm from bregma) dentate gyrus, respectively. These points were chosen to address specific hypotheses that emerged from our BrdUϩ cell count data, allow exhaustive counting of cells at two discrete points from bregma, and to coincide with recent publications about rat DCX immunoreactivity (Driscoll et al., 2006) and anterior-posterior differences in the number of cells in stages of neurogenesis (Banasr et al., 2006; Lagace et al., 2006) .
Stereological estimate of GCL and SVZ volume. Volumes of the GCL and SVZ were calculated by analyzing 30 m sections stained with Fast red (Donovan et al., 2006) . Sections were coded so the experimenter was blind to treatment of the rat until completion of the analysis. All measurements were obtained using Stereoinvestigator software (MBF Bioscience, Williston, VT) and an Olympus BX51 microscope. Volumes were analyzed for the left hemisphere structure only because of previous work from our lab showing no statistical difference between the left and right hemispheres (Harburg et al., 2007) .
For the GCL, the entire longitudinal axis of the hippocampus was analyzed: Ϫ1.80 to Ϫ7.64 mm from bregma (Paxinos and Watson, 1997) . GCL volumes were measured according to the Cavaleri principle using a 10ϫ objective (Gundersen and Jensen, 1987; West et al., 1991) . For the anterior SVZ, analysis included four sections spanning 1.60 to Ϫ0.26 mm from bregma (Paxinos and Watson, 1997 ) (see Fig. 5A ). Volumes were measured according to the Cavaleri principle using a 40ϫ objective. The boundaries of the SVZ were based on definitions previously published (Gotts and Chesselet, 2005) . Briefly, the SVZ contour included the lateral portion under the corpus callosum through the intersection of the lateral ventricle, as well as the SVZ 200 m ventral and 200 m medial to this intersection (see Fig. 5B ).
Stereological estimate of SVZ Ki-67ϩ cell number. The optical fractionator method was used to obtain the absolute number of Ki-67ϩ cells in unilateral anterior SVZ (West et al., 1991; Gotts and Chesselet, 2005) . A grid size of 50 ϫ 50 m 2 was superimposed over each section, and Ki-67ϩ cells within the SVZ were counted at 1000ϫ in 15 ϫ 15 ϫ 6 m 3 sample volumes, with upper and lower guard volumes of 2 m, resulting in an average of 140 sampling sites per rat. Gunderson coefficients were always Ͻ0.1. The number of proliferating cells as measured by Ki-67 were similar to the number of proliferating cells as measured by multiple BrdU labelings in the adult rat (Gotts and Chesselet, 2005) .
Phenotypic analysis. To determine the differentiation of newborn cells into neurons, CSA-WD and CSA-CONT sections were examined for the colocalization of BrdU with NeuN using confocal microscopy at 630ϫ. On average Ͼ20 BrdUϩ cells were analyzed in each rat (mean Ϯ SEM: saline-WD, 28.17 Ϯ 3.87; CSA-WD, 26.63 Ϯ 2.90; saline-CONT, 23.00 Ϯ 4.92; CSA-CONT, 41.50 Ϯ 6.81). BrdUϩ nuclei were also analyzed for morphological characteristics such as nuclear pattern of BrdU staining (solid vs punctate), shape (round vs irregular), and orientation to the GCL (parallel vs perpendicular) as previous publications have linked these characteristics with maturation of the neuron (Cameron and McKay, 2001; Donovan et al., 2006) .
The dendritic morphology of DCXϩ cells after CSA, CSA-WD, and CSA-CONT was analyzed in sections Ϫ6.60 mm from bregma for characteristics previously linked to the maturity of DCXϩ cells (Rao et al., 2005) . Specifically, every DCXϩ cell in the dorsal blade of the GCL (mean Ϯ SEM: saline 82.75 Ϯ 8.61, CSA 143.25 Ϯ 27.33; saline-WD 39.66 Ϯ 9.66, CSA-WD 72.66 Ϯ 22.56; saline-CONT 81.50 Ϯ 19.00, CSA-CONT 108.75 Ϯ 5.65) was examined for the presence or absence of dendrites, vertical or horizontal orientation of dendrites, and whether or not the dendrites were branched (Rao et al., 2005) .
Statistical analyses and presentation. Data are represented as mean Ϯ SEM. Statistical analyses used GraphPad (San Diego, CA) Prism version 4.00 for Mac. A one-way ANOVA (t test) was used for analyses with one variable, such as cocaine intake, effect of drug on the density of BrdUϩ or DCXϩ cells the posterior hippocampus, and effect of drug on the density of Ki-67ϩ cells in the SVZ. For analyses that had more than one variable (drug by dentate gyrus regions, drug by dendrite morphology), a twoway ANOVA was performed. If a main effect or interaction was found, a Bonferonni post hoc test was performed to adjust the threshold of significance to guard against the type I error, which may occur with multiple comparisons (Donovan et al., 2006) . Statistical significance for main effects, interactions, and t tests was defined as p Յ 0.05. Images were imported into Photoshop version 9.0.2 (Adobe Systems, San Jose, CA) and the only adjustments made were via gamma in the Levels function.
Results

Cocaine self-administration
Three groups of rats self-administered cocaine (CSA, CSA-WD, and CSA-CONT) with their respective control groups (saline, saline-WD, saline-CONT) self-administering saline ( Fig. 1 A-C) . CSA, CSA-WD, and CSA-CONT rats took an average daily amount of 40 mg/kg cocaine over the last 5 d before injection with the S-phase marker BrdU (F (2,24) ϭ 0.05; p Ͼ 0.05) (Fig. 1 D) , indicating that cells labeled with BrdU were initially exposed to the same amount of cocaine in each group. CSA and CSA-WD rats took the same total amount of cocaine, whereas CSA-CONT rats took more than twice that amount (F (2,24) ϭ 25.10; p Ͻ 0.001) ( Fig. 1 E) ; this difference was expected because the CSA-CONT rats self-administered for four additional weeks after the BrdU injection for a total of 7 weeks of cocaine selfadministration. Saline reinforcements for the last 5 d before BrdU injection were similar in controls across saline, saline-WD, and saline-CONT groups (data not shown), and were minimal because of the lack of drug reinforcement. However, the fact that saline reinforcements in this study were still measurable is likely because of the stimulation provided by the cue light that was illuminated when the active lever was pressed. In support of this, responses on the inactive lever for saline and cocaine groups, which were not reinforced with drug or cue light, were virtually zero during the last 5 d before BrdU injection.
CSA decreases proliferation in the adult subgranular zone
To determine the effect of drug taking on SGZ proliferation, CSA rats were injected with BrdU 15 h after the end of the last selfadministration session and killed 2 h later (Fig. 1 A) . BrdU IHC revealed a normal pattern of S-phase cells in the dentate gyrus, with BrdUϩ cells most numerous in the SGZ, but also found in the outer granule cell layer, hilus, and molecular layer (Fig. 2 A) as reported previously (Donovan et al., 2006; Lagace et al., 2006 Lagace et al., , 2007 Harburg et al., 2007) . BrdUϩ cells at this proliferation time point appeared small, irregular, and in clusters for both saline and CSA groups (Fig. 2 B) . However, rats that self-administered cocaine for 3 weeks had fewer BrdUϩ cells relative to control rats (F (1,65) ϭ 9.39; p Ͻ 0.01) (Fig. 2C) , with post hoc analysis revealing a significant 47% decrease specifically in the SGZ ( p Ͻ 0.001) (Fig. 2C) . BrdUϩ cell density significantly decreased in the posterior SGZ ( p Ͻ 0.05) (data not shown), but not in the anterior SGZ ( p Ͼ 0.05) (data not shown), in keeping with previous reports on anterior-posterior differences in the number of cells in stages of neurogenesis (Banasr et al., 2006; Lagace et al., 2006) . Although cocaine has potent vasoconstrictive effects (Kaufman et al., 1998; Herning et al., 1999) , there was no significant effect of CSA on the number of BrdUϩ cells in several control regions, including those within the dentate gyrus ( p values Ͼ 0.05 for the molecular layer, outer granule cell layer, and hilus) (Fig. 2C ) and the habenula ( p Ͼ 0.05) (Fig. 2C) . Therefore, the CSA-induced decrease in SGZ proliferation was not caused by decreased BrdU passage across the blood-brain barrier.
Quantification of AC-3ϩ cells showed no significant difference between CSA and saline rats in the SGZ, indicating cell death was not changed after CSA (saline, 16.88 Ϯ 7.30; CSA, 25.71 Ϯ 13.81; p Ͼ 0.05). To address whether the CSA-induced decreased in proliferation (Fig. 2C) led to a decrease in GCL volume, stereological estimates of the volume of the GCL were examined. GCL volumes were consistent with previous studies with adult rats (Isgor and Sengelaub, 1998) . However, analysis revealed no significant change in volume of the GCL after CSA (saline, 2.12 Ϯ 0.21; CSA, 2.16 Ϯ 0.17 mm 3 ; p Ͼ 0.05). Therefore, 3 weeks of CSA decreased SGZ proliferation in a region-specific manner without influencing cell death or GCL volume.
CSA does not alter the number or dendritic morphology of immature neurons in the adult subgranular zone As CSA decreased the number of proliferating SGZ cells, we next investigated if immature SGZ neurons, as labeled by DCX (Brown et al., 2003) , were altered by CSA. DCXϩ staining was present in both cell bodies and processes in both saline and CSA rats (Fig. 2 D) . We then quantified the density of DCXϩ cells in Figure 1 . Experimental design. Animals were trained to lever press for intravenous saline or cocaine and then self-administered their respective solutions for 3 weeks. One BrdU injection (150 mg/kg, i.p., indicated by syringe) was administered 15 h after the last self-administration session. A, CSA and saline rats were killed 2 h later to assess proliferation via BrdUϩ cell counts. B, CSA-WD and saline-WD rats were returned to their home cage and then killed 4 weeks later to assess the impact of withdrawal on survival or retention of BrdUϩ cells labeled 4 weeks earlier. C, CSA-CONT and saline-CONT rats continued self-administration for 4 additional weeks before rats were killed to assess the influence of cocaine on survival or retention of BrdUϩ cells labeled 4 weeks earlier. D, CSA, CSA-WD, and CSA-CONT rats all self-administered the same average amount of cocaine during the last five sessions before BrdU injection. E, CSA and CSA-WD rats self-administered the same total amount of cocaine, but CSA-CONT rats selfadministered more than twice as much total cocaine because of four additional weeks of sessions. Data for D and E are presented as mean Ϯ SEM. Sac, Sacrifice.
the anterior SGZ (-2.80 mm from bregma), where proliferation as measured by BrdUϩ cells was not significantly changed, and in the posterior SGZ (Ϫ6.60 mm from bregma) where proliferation was significantly decreased (data not shown). After CSA, the density of DCXϩ cells in the SGZ showed a trend for an increase in the anterior hippocampal section, with no change in the posterior section (anterior, 38% increase, p ϭ 0.06; posterior, p Ͼ 0.05) (Fig.  2 E) .
We examined the dendritic morphology of DCXϩ cells in a posterior hippocampal section Ϫ6.60 mm from bregma. Previous work has shown that a DCXϩ cell with a vertical, branched dendrite is more mature than a DCXϩ cell that lacks a dendrite or whose dendrites are horizontal or unbranched (Rao and Shetty, 2004) . Saline rats exhibited percentages of DCXϩ cells with vertically oriented dendrites that were consistent with the literature (Rao et al., 2005) . Analyses of saline and CSA rats revealed a main effect of drug (F (1,39) ϭ 6.86; p Ͻ 0.05) (Fig. 2 F) , but no post hoc analyses were significant. Therefore, 3 weeks of CSA did not significantly influence the dendritic morphology of DCXϩ neurons in the posterior hippocampus.
CSA-WD normalizes proliferation and survival of adult-generated neurons in the subgranular zone, but enhances maturity of adult-generated neurons Because CSA decreased SGZ proliferation (Fig. 2C) , we then examined the CSA-WD group to see whether cessation of cocaine self-administration for 4 weeks normalized SGZ proliferation. BrdU was given to the CSA-WD group at the same time as the CSA group, but whereas CSA rats were killed 2 h later, CSA-WD rats were killed 4 weeks later (Fig. 1 B) . Thus, BrdUϩ cells in the CSA-WD group represented surviving, not proliferating, cells. Proliferating SGZ cells in the CSA-WD group were detected with an antibody against Ki-67, an endogenous marker of proliferation that has been used interchangeably with BrdU antibodies to detect cells labeled with BrdU 2 h before rats were killed (Kee et al., 2002) . Ki-67ϩ cells were small and often clustered (Fig. 3A) and were qualitatively similar in the SGZ of CSA-WD rats and controls. There was no significant change in Ki-67ϩ cell number after CSA-WD, although there was a trend for an effect of drug (F (1,130) ϭ 3.46; p ϭ 0.06) (Fig. 3B) . As proliferation was decreased by 47% in CSA rats relative to controls (Fig. 2C) , the normal level of SGZ proliferation after CSA-WD suggested that proliferation rebounded at some point between the initial cessation of CSA and the 4 week withdrawal time point. Cell death was not changed after CSA-WD, as assessed via cell counts for AC-3ϩ cells (saline-WD, 13.15 Ϯ 8.26; CSA-WD, 21.71 Ϯ 7.60; p Ͼ 0.05). This suggests that the normalization of proliferation in the SGZ is not caused by a compensatory decrease in cell death after 4 weeks of withdrawal, although compensation may have occurred at other time points not assessed.
Although the number of proliferating SGZ cells was relatively normal after CSA-WD, we investigated whether cells generated during CSA (e.g., labeled with BrdU 4 weeks earlier) were influenced by the 4-week withdrawal period after self-administration (Fig. 1 B) . The CSA and CSA-WD groups both received BrdU injections 15 h after 3 weeks of self-administration. Therefore we predicted CSA-induced decrease in the number of proliferating BrdUϩ cells (Fig. 2C) would equate with fewer surviving BrdUϩ cells in the CSA-WD group 4 weeks later. BrdU IHC revealed cells in both saline-WD and CSA-WD rats that were round and less clustered, and presented more punctate BrdU staining, typical of SGZ cells at 4 weeks after BrdU injection (Fig. 3A) CSA-WD there was no effect of drug on the total number of BrdUϩ cells (F (1,130) ϭ 0.51; p Ͼ 0.05) (Fig. 3C) or on the density of BrdUϩ cells in the anterior or posterior SGZ ( p values Ͼ 0.05) (data not shown). Thus, despite the initial decrease in proliferating BrdUϩ SGZ cells after CSA (Fig. 2C) , CSA-WD resulted in a surprising normalization of the number of surviving BrdUϩ SGZ cells.
The vast majority of BrdUϩ cells became neurons in both control and CSA-WD rats, as indicated by double labeling with BrdU and the neuronal marker NeuN (Fig. 3D ) and confocal analysis ( p Ͼ 0.05) (Fig. 3E) . Therefore, CSA-WD did not grossly influence neuronal fate of cells labeled with BrdU 4 weeks earlier.
The BrdU staining pattern of the surviving BrdUϩ cells was also analyzed, as previous publications have linked this to maturity of the adult-generated neurons (Rietze et al., 2000; Cameron and McKay, 2001; Donovan et al., 2006) . CSA-WD rats had a significantly greater percentage of cells with punctate BrdU staining (saline-WD, 48 Ϯ 4.85%; CSA-WD, 62 Ϯ 2.79%; p Ͻ 0.05) (Fig.  3E ) as opposed to solid BrdU staining. Although other characteristics of cells such as shape and orientation did not differ after CSA-WD ( p values Ͼ 0.05), the significant increase in the proportion of BrdUϩ cells displaying punctate BrdU staining pattern after CSA-WD is consistent with accelerated maturation of adult-generated hippocampal granule cell neurons (Rietze et (Fig. 3G ). Although there was a significant effect of drug on dendritic morphology (F (1,78) ϭ 4.76; p Ͻ 0.05) (Fig. 3H ) , post hoc analyses were not significant. Thus, consistent with the trend for an increase in proliferation after CSA-WD (Fig. 3B ) and the enhanced maturity of surviving BrdUϩ cells (Fig. 3E) , the significant increase in posterior SGZ DCXϩ cell number suggests that 4 weeks of withdrawal from self-administration is not sufficient to normalize the process of neurogenesis in the adult rat SGZ.
CSA-CONT normalizes progenitor proliferation as well as survival of adult-generated neurons in the subgranular zone without altering maturation
We hypothesized that the increased immature SGZ neuron number and enhanced maturity of surviving BrdUϩ SGZ cells in CSA-WD rats was attributable to compensation that occurred during the 4 weeks of withdrawal after cocaine selfadministration. To test this, another group of rats was prepared similarly to the CSA-WD group (3 weeks of saline or cocaine self-administration and BrdU injection 15 h after last session), but instead of withdrawal in the home cage, these CSA-CONT rats continued to self-administer saline or cocaine for an additional 4 weeks (Fig. 1C) . CSA decreased SGZ proliferation (Fig.  2C) whereas CSA-WD normalized it (Fig. 3B) ; thus, we expected 4 additional weeks of cocaine self-administration to sustain or further the decrease in proliferation seen after 3 weeks of cocaine self-administration. However, proliferation of Ki-67ϩ cells was unchanged (F (1,30) ϭ 1.43; p Ͻ 0.05) (Fig. 4 A) . We also predicted the additional 4 weeks of cocaine self-administration in the CSA-CONT group would significantly decrease the number of surviving BrdUϩ cells. Contrary to our hypothesis, 4 additional weeks of cocaine self-administration had no effect on the total number of BrdUϩ cells (drug effect, F (1,30) ϭ 2.47; p Ͼ 0.05) (Fig. 4 B) , although there was a trend for a decrease in the density of BrdUϩ cells in the posterior SGZ ( p ϭ 0.07) (data not shown). Neuronal fate, as indicated by double labeling with BrdU, was also unaffected by continuous self-administration of cocaine ( p Ͼ 0.05) (Fig. 4C) . Other characteristics of cells, such as BrdU staining pattern ( p Ͼ 0.05) (Fig. 4C) , shape and orientation did not differ after CSA-CONT ( p Ͼ 0.05). Stereological methods were used to estimate the volume of the GCL after CSA-CONT. There was no significant change in GCL volume after CSA-CONT (saline-CONT, 2.34 Ϯ 0.12; CSA-CONT, 2.81 Ϯ 0.38 mm 3 ; p Ͼ 0.05).
CSA-CONT increases the number of immature neurons in the posterior subgranular zone
Having discovered some unexpected similarities between the impact of 4 weeks of withdrawal or 4 additional weeks of cocaine self-administration on the number of proliferating cells and adult-generated BrdUϩ neurons, we then explored whether CSA-WD and CSA-CONT had similar effects on DCXϩ immature neuron number. After CSA-CONT, the density of DCXϩ cells was significantly greater in the posterior SGZ relative to controls (Ϫ6.60 mm from bregma; p ϭ 0.05) (Fig.  4 D) , but not in the anterior SGZ (Ϫ2.80 mm from bregma; p Ͼ 0.05) (Fig. 4 D) . Additionally, CSA-CONT did not change the dendritic morphology of DCXϩ cells in the posterior SGZ, as there was no main effect of drug (F (1,18) ϭ 0.60; p Ͼ 0.05) (Fig.  4 E) . Thus, similar to CSA-WD, CSA-CONT normalized the number of surviving BrdUϩ cells and increased the number of immature neurons in the posterior SGZ without influencing their dendritic morphology. However, unlike CSA-WD, CSA-CONT had no effect on BrdU staining pattern of adult-generated neurons, an indicator of neuronal maturity.
CSA decreases proliferation in the subventricular zone CSA produced such a striking decrease in hippocampal progenitor proliferation that an additional region of adult neurogenesis, the SVZ, was examined to see whether proliferation in this region was altered in a similar manner. Ki-67 IHC in the SVZ was used to assay proliferation (Fig. 5A) , and the density of Ki-67ϩ cells was obtained via the optical fractionator method (Fig. 5B ). CSA significantly decreased proliferation in the SVZ by 20% (saline, 9.76 Ϯ 0.49 ϫ 10 5 ; CSA, 8.23 Ϯ 0.53 ϫ 10 5 Ki-67ϩ cells/mm 3 ; p ϭ 0.05). Whereas SVZ volumes of control rats were similar to previous studies of adult rats (Gotts and Chesselet, 2005) , SVZ volumes of CSA rats were not significantly different from control (saline-WD, 112.89 Ϯ 9.00 ϫ 10 6 ; CSA, 108.42 Ϯ 3.56 ϫ 10 6 m 3 ; p Ͼ 0.05), suggesting that the cocaine-induced decreased in SVZ proliferation was not sufficient in magnitude or duration to impact the volume of the SVZ.
CSA-WD normalizes proliferation in the subventricular zone
Ki-67ϩ cells in the SVZ of the CSA-WD group were quantified to see whether cessation of drug taking reversed the CSA-induced decrease in SVZ proliferation. After CSA-WD there was no 
Discussion
Our data highlight how cells in stages of adult hippocampal neurogenesis (proliferating cells, immature neurons, and surviving, adult-generated, mature neurons) are differentially influenced by intravenous cocaine self-administration and/or withdrawal. Proliferation in both the SGZ and SVZ is decreased after 3 weeks of cocaine self-administration, and 4 weeks of withdrawal reverses these changes. Neither the number or dendritic morphology of immature SGZ neurons are immediately influenced by cocaine self-administration, but surprisingly, the number of immature SGZ neurons is increased after 4 weeks of withdrawal or 4 additional weeks of cocaine self-administration. The number of surviving BrdUϩ cells in the SGZ is normal after either 4 weeks of withdrawal or 4 additional weeks of cocaine self-administration, but the surviving BrdUϩ neurons after 4 weeks of withdrawal unexpectedly display an indicator of enhanced maturity. These data add to the growing amount of evidence that cells in discrete stages of adult neurogenesis can be independently regulated (Garcia et al., 2004; Plumpe et al., 2006; Nacher et al., 2007) . Importantly, given that adult-generated granule cells are important for aspects of hippocampal function (Leuner et al., 2006; Saxe et al., 2006; Kee et al., 2007) and that the hippocampus is important in addiction and withdrawal (Goto and Grace, 2005; Rademacher et al., 2006; Rogers and See, 2007) , our data urge consideration of how cocaine-induced alterations in adult neurogenesis arise, and how they may impact hippocampal function in general, and drug taking and relapse in particular.
Proliferating cells
We considerably extend previous results with noncontingent, intraperitoneal cocaine by showing that the more clinically relevant paradigm of reinforcement-related, intravenous cocaine selfadministration decreases proliferation in the adult SGZ. We further show the CSA-induced decrease in proliferation is not attributable to decreased BrdU bioavailability, an important concern given the action of cocaine on the vasculature. This decrease is likely not caused by cell death, an interpretation supported by previous cocaine work ( Dominguez-Escriba et al., 2006) . However, the trend in and high variability of the AC-3 data encourage future examination of additional time points after cocaine selfadministration. An additional novel neuroadaptation we identify after cocaine self-administration is decreased SVZ proliferation. Finally, both we show the decreased proliferation in the SGZ and SVZ are reversed by 3 weeks of withdrawal, indicating the homeostatic capabilities of the populations of dividing cells and/or of the neurogenic niche.
It is tempting to speculate that cocaine-induced dysregulation of adult hippocampal proliferation contributes to the cognitive deficits seen in cocaine addicts. However, this hypothesis requires in-depth clinical and translational research, and basic research to reveal the detailed time course of the impact of cocaine on proliferation and to explore how proliferating SGZ cells might influence the hippocampal neurogenic niche. The functional relevance of cocaine-induced alterations in neurogenesis may be clearer in the SVZ, as the addition of new SVZ neurons to the olfactory bulb incontrovertibly enhances aspects of olfaction (Gheusi et al., 2000; Shingo et al., 2003; Enwere et al., 2004) . In humans, cocaine use impairs olfactory function, which improves with abstinence (Gordon et al., 1990; Bauer and Mott, 1996) . Notably, both intravenous cocaine in humans and intraperitoneal cocaine in rats alter olfaction (Stripling and Ellinwood, 1977; Podskarbi-Fayette et al., 2005) , thus addressing the apparent confound of nasal septum damage seen after intranasal cocaine use (Schwartz et al., 1989 ). An interesting, but as-yet untested, hypothesis is that cocaine-induced deficits in olfaction are secondary to decreased SVZ proliferation and the consequential decrease in adult-generated olfactory bulb neurons.
Immature neurons
One of our most surprising findings was that both CSA-WD and CSA-CONT result in a greater number of immature neurons specifically in the posterior SGZ. As this occurred regardless of whether drug taking continued or stopped, this may reflect a delayed response to, and long-lasting, stable neuroadaptation resulting from, cocaine self-administration. This interpretation is supported by studies with noncontingent cocaine exposure, which find a transient increase in immature neuron number (Mackowiak et al., 2005) , but no effect on immature neuron dendritic morphology (Dominguez-Escriba et al., 2006) . Although beyond the scope of this study, studies are required to identify whether immature neurons in particular, and neurogenesis in general, are differentially regulated during acquisition, maintenance, and long-term administration of cocaine and withdrawal, as has been shown with other neuroadaptations (Ferrario et al., 2005) .
As immature neurons are important to hippocampal structure and function (Markakis and Gage, 1999; Esposito et al., 2005) , it is intriguing to consider how a greater number of immature neurons in the posterior SGZ might impact hippocampal function. The posterior SGZ receives many limbic projections, and is more involved in emotion relative to the anterior SGZ, which plays a greater role in spatial processing (Sahay and Hen, 2007) . Doublecortin regulates synaptic plasticity (Nacher et al., 2001; Brown et al., 2003) , and adult-generated DCXϩ neurons possess distinct properties from granule cells generated in the early postnatal period (Wang et al., 2000; Snyder et al., 2001; Couillard-Despres et al., 2006) , including lowered threshold for induction of long-term potentiation (LTP). Therefore, it is possible that having more immature neurons would lead to enhanced excitability of the hippocampus. This would fit well with the fact that chronic cocaine self-administration may increase hippocampal neurotransmitter release (Edwards et al., 2007a) and LTP (Thompson et al., 2004; del Olmo et al., 2006) . Behaviorally, a greater number of immature neurons may be related to the ability of cocaine to modulate hippocampal influence over reward circuitry and goal-directed behavior (Vorel et al., 2001; Sun and Rebec, 2003; Fuchs et al., 2005; Goto and Grace, 2005) and memory (Kilts et al., 2001; Hester et al., 2006; Del Olmo et al., 2007) . Additional study is needed to determine the functional role of increased DCXϩ cells in the posterior SGZ in the encoding of contextual associations with drug taking, as these associations are a major obstacle in addiction treatment.
Surviving, adult-generated, mature neurons Although 3 weeks of cocaine self-administration robustly decreased SGZ proliferation, it is striking that 4 weeks later, with or without continuation of cocaine self-administration, the number of surviving BrdUϩ neurons in the SGZ is normal relative to saline self-administering controls. When analyzed in just the posterior SGZ, there was a trend to a decrease in CSA-CONT rats, encouraging additional analyses to pinpoint differences between CSA-WD and CSA-CONT. However, given the lack of change when the SGZ was considered as a whole, clearly some level of compensation must have occurred for the decreased population of progenitors after 3 weeks of CSA to result in normal numbers of surviving BrdUϩ neurons after 4 weeks of withdrawal and 4 additional weeks of cocaine. A decrease in cell death is unlikely, as we found no change in AC-3ϩ cells, although it is possible that we missed the narrow window in which cell death is detectable (Harburg et al., 2007) or that the low basal rate of apoptosis in the adult SGZ results in a floor effect for detecting further decreases in cell death (Heine et al., 2004) . Alternatively, the decreased pool of progenitors could have divided more frequently or symmetrically, giving rise to two daughter cells more often than one. Both scenarios would result in the normal number of surviving BrdUϩ neurons in the SGZ of CSA-WD and CSA-CONT rats reported here.
Aside from the many surprising similarities between the CSA-WD and CSA-CONT groups, an abstinence-specific neuroadaptation worth noting is the enhanced maturity of adultgenerated BrdUϩ neurons after withdrawal. This suggests a benefit of abstinence for the dentate gyrus, but clearly encourages functional exploration of this putative enhanced maturity as well as identification of other neuroadaptations during CSA-WD or CSA-CONT that may be compensatory, encouraging a return to homeostasis.
Conclusion
The present study defines the novel impact of cocaine selfadministration and/or withdrawal on cells in various stages of adult neurogenesis. Although detailed discussion about underlying mechanisms is speculative, it is likely that cocaine selfadministration and/or withdrawal alters the microenviroment of the neurogenic niche, (Abrous et al., 2005; Ming and Song, 2005) , perhaps via alterations in levels of growth factors. A potential role for brain-derived neurotrophic factor (BDNF) is particularly intriguing, because BDNF signaling regulates cocaine selfadministration (Graham et al., 2007) , incubation of drug craving (Grimm et al., 2003) , and specifically in the dentate gyrus, the acquisition of stimulant/context associations and conditioned locomotor sensitization (Rademacher et al., 2006; Shen et al., 2006) . Although BDNF is one of many candidates, clearly understanding cocaine-induced alterations in the neurogenic microenvironment may point to a critical role for dentate gyrus neurogenesis in cocaine cravings and relapse, perhaps via facilitation of recall of contextual associations that stimulate cocaine cravings and relapse.
It will be interesting in the future to test whether manipulations of neurogenesis can alter the propensity for addictive behavior. Such studies await refinement in techniques to specifically alter adult neurogenesis with minimal side effects. It is intriguing that conditions often comorbid with substance abuse, like stress, depression, and schizophrenia (Brady and Sinha, 2005) are marked by dysregulation of adult neurogenesis (Paizanis et al., 2007) . The present study establishes neurogenesis as a potential target for therapeutic approaches to drug addiction treatment which may have broad implications for psychiatric disorders.
